Since the early 1960s, alloys are commonly grouped into two classes, featuring bound states in the bandgap (I) or additional, non-discrete, band states (II). As a consequence, one can observe either a rich and informative zoo of excitons bound to isoelectronic impurities (I), or the typical bandedge emission of a semiconductor that shifts and broadens with rising isoelectronic doping concentration (II). Microscopic material parameters for class I alloys can directly be extracted from photoluminescence (PL) spectra, whereas any conclusions drawn for class II alloys usually remain indirect and limited to macroscopic assertions. Nonetheless, here, we present a comprehensive spectroscopic study on exciton localization in a so-called mixed crystal alloy (class II) that allows us to access microscopic alloy parameters. In order to exemplify our experimental approach we study bulk InxGa1−xN epilayers at the onset of alloy formation (0 ≤ x ≤ 2.4%) in order to understand the material's particular robustness to point and structural defects. Based on an in-depth PL analysis it is demonstrated how different excitonic complexes (free, bound, and complex bound excitons) can serve as a probe to monitor the dilute limit of class II alloys. From an x-dependent linewidth analysis we extract the length scales at which excitons become increasingly localized, meaning that they convert from a free to a bound particle upon alloy formation. Already at x = 2.4% the average exciton diffusion length is reduced to 5.7±1.3 nm at a temperature of 12 K, thus, detrimental exciton transfer mechanisms towards non-radiative defects are suppressed. In addition, the associated low temperature luminescence data suggests that a single indium atom does not suffice in order to permanently capture an exciton. The low density of silicon impurities in our samples even allows studying their local, indium-enriched environment at the length scale of the exciton Bohr radius based on impurity bound excitons. The associated temperature-dependent PL data reveals an alloying dependence for the exciton-phonon coupling. Thus, the formation of the random alloy can not only directly be monitored by the emission of various excitonic complexes, but also more indirectly via the associated coupling(s) to the phonon bath. Micro-PL spectra even give access to a forthright probing of silicon bound excitons embedded in a particular environment of indium atoms, thanks to the emergence of a hierarchy of individual, energetically sharp emission lines (full width at half maximum ≈ 300 µeV). Consequently, the present spectroscopic study allows us to extract first microscopic alloy properties formerly only accessible for class I alloys.
I. INTRODUCTION
Upon alloying, host atoms in insulators, semiconductors, or metals are replaced by atoms with an equivalent valence electron structure, giving rise to isoelectronic impurities. Despite the matching valency, which does not lead to n-or p-type doping in case of a semiconductor crystal, the total number of electrons is altered, inducing fundamental changes in the electronic band structure and the associated optical signatures of alloying [1] . Already in 1966, Thomas pointed out [2] that such isoelectronic impurities can be divided into two classes: For the first class (I), discrete electronic levels are formed in the bandgap that can be studied by the related emission of bound excitons in, e.g., GaP:N [3, 4] , GaP:Bi [5, 6] , GaAs:N [7] , ZnTe:O [8] , CdS:Te [9] , and ZnO:Hg [10] . However, such highly localized bound excitons caused by isoelectronic centers strongly differ from the wide range of bound excitons known for shallow impurities in semiconductors and cannot be described by an effective mass approach [11] [12] [13] . The second class of isoelec- [16, 17] , preventing any detailed information to be extracted from PL spectra. Consequently, in contrast to class I alloys, only a rather indirect analysis of such mixed crystal alloys is feasible by optical techniques. What further worsens the situation is the fact that isoelectronic impurities related to class II are more abundant in nature in comparison to their type I counterparts [1] . Furthermore, most technologically relevant alloys (e.g., InGaAs, AlGaAs [29] , AlInGaP [30] , InGaN, InAlN [31] , and AlGaN [32] ) belong to class II. Here, especially III-nitride alloys have recently proven their importance for a wide range of applications, rendering a spectroscopic analysis beyond the limits of their classification as mixed crystal alloys an auspicious task.
Over the past decade, III-nitride-based semiconductors have reached a high level of dissemination only second to silicon based on a wide range of applications covering both, electronics and optoelectronics [33] . Many aspects of our daily life are already impacted by III-nitride-based light-emitting and laser diodes (LEDs and LDs) [34, 35] , while high-power electronics is also on the rise [36, 37] . Here, ternary alloys like InGaN and InAlN play a crucial role, as essential properties like, e.g., their emission wavelength can be tuned over wide ranges [38] in order to suit the particular application of choice. Such alloys containing indium are often described as "special alloys", because many devices like LEDs based on InGaN/GaN quantum wells (QWs) perform astonishingly well, with internal quantum efficiencies η int well beyond 80% [39] , even though the threading dislocation density is high with values in the 10 8 − 10 9 cm −2 range [40] . Generally, the material proves particularly robust against structural and point defects in comparison to other III-V alloys (e.g. InGaAs, AlGaAs, AlInGaP, etc.) [30] as outlined in the seminal paper of Chichibu et al. [31] . However, the physical origin behind this behavior is not well understood yet and several possible causes have been discussed in the literature.
Early explanations accounting for the particular case of InGaN range from large structural defects like Vpits [41] and indium clusters [42] , over indium-zig-zag chains [31, 43] , to the particular electronic environment of a single indium atom [23] . All explanations share the common idea that localization of carriers occurs in the alloy, ultimately leading to higher η int values. As soon as carriers are localized, their diffusion to nonradiative centers is suppressed, which in turn enhances η int . While larger structural defects can nowadays be excluded for modern III-nitride materials based on a combination of structural [scanning transmission electron microscopy, nanoscale secondary ion mass spectroscopy, etc.] and optical [cathodoluminescence (CL), microphotoluminescence (µ-PL), etc.] techniques, the material analysis at the few to even sub-nanometer scale remains challenging. Even though recent technical progress made by atom probe tomography (APT) indicates that InGaN is a random alloy [44] [45] [46] , the impact of assemblies of indium atoms like pairs, triplets, and larger sets on the material's optical signature remains unclear.
In this work, we show that even for class II alloys it is possible to extract microscopic material parameters from PL and µ-PL spectra. A detailed PL analysis of bulk In x Ga 1−x N epilayers (0 ≤ x ≤ 2.4%) grown on freestanding (FS) GaN substrates (dislocation density ∼ 10 6 cm −2 ) allows us to extract the effective exciton diffusion length (r a ) and its dependence on indium content (x). By analyzing the linewidth broadening of free and bound excitons, one obtains probes that monitor the alloy formation on different length scales determined by r a and the exciton Bohr radius r B , hence, in our case encompassing length scales ranging from tens to a few nanometers. With rising x we measure a decrease of r a towards r B using the free exciton (X A ) as a probe for the formation of a random alloy in which the excitonic center of mass (COM) movement becomes increasingly negligible at cryogenic temperatures. In addition, the exciton-phonon coupling is studied, e.g., for silicon-bound excitons (Si 0 X A ), representing an alternative tool to monitor the onset of alloy formation. The spectroscopy of excitons captured at individual indiumrelated centers proves challenging due to an apparent high density of emitters. Hence, we focus on an analysis of µ-PL spectra of individual silicon-bound excitons embedded in particular configurations of indium atoms in their direct vicinity. As a result, we observe a hierarchy of energetically well-defined emission lines [full width at half maximum (FWHM) ≈ 300 µeV] that originate from Si 0 X A − In n complexes in the InGaN alloy. Hence, our study opens a pathway towards a spectroscopic analysis of the microscopic properties of a class II alloy at the nanometer scale by probing distinct configurations of indium atoms at the onset of alloy formation.
The paper is structured as follows: In Sec. II we first compare the fundamental excitonic properties of a wide range of materials, before focusing the motivation to III-V semiconductors represented by indium doped GaAs and GaN as representatives of class II alloys. We present our results in Sec. III. This section is subdivided into four parts labeled Secs. III A-III D. In Sec. III A we show how ensembles of free and bound excitons can serve as probes in the InGaN alloy using PL spectra. Temperaturedependent PL data allows us to analyze the local distribution of indium atoms around particular impurity bound excitons as demonstrated in Sec. III B. Subsequently, Sec. III C introduces the µ-PL traces of individual excitonic complexes bearing on an impurity embedded in a distinct environment of indium atoms. The spectra of such individual bound excitonic complexes are further analyzed in Sec. III D, motivating the existence of spatially direct and indirect excitonic complexes in the InGaN alloy. In a nutshell, Secs. III A-III D describe the following transition: first, ensembles of excitonic complexes are probed in the alloy by PL. Second, the presented alloy probes become increasingly localized, culminating in the µ-PL observation of individual impurity bound excitonic complexes embedded in a distinct con-
(color online) (a) Hydrogen-like exciton Bohr radius rB (excitonic ground state) for various material systems comprising semiconductors and insulators that exhibit a bandgap energy Eg in between ≈ 0.2 -10 eV. With diminishing rB and increasing Eg the exciton binding energy E bind rises (color encoded) -a trend which is also valid for all related alloys. The inverse of the exciton volume VX (rB) motivates a density ρX , which allows for a first estimate of the excitons' sensitivity to point and structural defects. To illustrate this matter, we compare isoelectronically doped (b) GaAs:In and (c) GaN:In, whose rB values differ by a factor of ∼ 4. The indium concentration x required to find a certain number of indium atoms n in VX with the probability ϕ is given by the Bernoulli distribution and varies by one order of magnitude in this comparison. While bound excitons average over ≈ VX , free excitons monitor the alloy over a larger averaging volume Va due to their eponymous movement.
figuration of indium atoms. Sec. IV finally relates our PL and µ-PL results before Sec. V summarizes all findings. Experimental details regarding the spectroscopic and growth techniques can be found in the Supplementary Information (SI) in Sec. I.
II. CONTEXT AND MOTIVATION
In order to obtain a general understanding of the sensitivity of excitons in alloys to crystal defects, Fig. 1(a) introduces the reduction of r B (excitonic ground state) with rising bandgap energy E g for a large variety of materials (direct as well as indirect semiconductors and insulators). The higher the ionicity of the crystal -following the transition from IV-IV, over III-V, to II-VI semiconductors -the larger are the effective masses of the electrons (m e ) and holes (m h ) that move in the periodic potential of the lattice. In turn, the excitonic effective mass µ increases accordingly with E g like 1/µ = 1/m e + 1/m h , which is inversely proportional to r B [47] . Such "heavy" excitons with small r B values ultimately lead to the transition from Wannier-Mott type excitons found in most semiconductors to self-trapped excitons frequently observed in silica [48] and halides [49] . As soon as r B is reduced, the exciton binding energy E bind rises as the Coulomb attraction between the electron and the hole is enhanced. Hence, E bind is proportional to µ as encoded in the data-point colors of Fig. 1(a) , leading to the experimental stability and the herewith interconnected accessibility of excitons beyond just cryogenic temperatures for large bandgap materials like, e.g., GaN [50] and AlN [51] .
Already these basic considerations facilitate some conclusions that should be valid for any alloy of class I or II formed by the materials summarized in Fig. 1(a) . In alloys with low E g values an exciton averages at least over comparably large exciton volumes V X ∝ r 3 B . Hence, correspondingly low densities of, e.g., impurities and structural defects ρ X ∝ V −1 X suffice in order to affect or even trap an exciton if the associated perturbation is sufficiently large. In this sense, ρ X represents a tentative upper limit for the concentration of such centers affecting all excitons. In contrast, high E g materials with lower V X values should be less sensitive to higher defect concentrations based on this simplistic comparison. In order to illustrate this matter, we highlight the corresponding ρ X values for GaAs and GaN in Fig. 1(a) , providing a first sensitivity estimate for excitons occurring in related alloys. As the r B value of both materials varies by a factor of ∼ 4, the corresponding approximations of ρ X differ by almost two orders of magnitude. However, this comparison is complicated by the occurrence of free, bound (isovalent), and impurity bound (non-isovalent) excitons constituting two-or three-particle complexes. One can either observe free excitons that move and hence monitor the alloy over an averaging volume V a ≥ V X leading to lower critical ρ X values, or localized, shallow impurity bound excitons sensing the material within ≈ V X (see Sec. III A for a detailed analysis). Nevertheless, the lower r B for large E g materials, the less excitons average over a random alloy and the more they just monitor the immediate neighborhood of a distribution of, e.g., (non-) isovalent centers in the lattice. This simple picture is further supported by the common neglect of any COM movement for excitons in an alloy [52] -a simplification that will be discussed in detail in Sec. III A for InGaN.
We further motivate the present study by focussing our previous considerations to indium-doped GaAs:In (e.g. Ref. [16] ) and GaN:In (this work) as representatives for the extremal cases of relatively low and high r B values in III-V semiconductor alloys of class II. Based on this choice, the associated E bind values would always remain sufficiently high to ensure a straightforward PL analysis. The reasoning that further motivates this approach is threefold:
A) High quality material is available for InGaN and InGaAs alloys for studying the onset of alloy formation for class II alloys due to the availability of high quality substrates for the epitaxial growth of thick, ternary layers 
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FIG. 2. (color online)
Overview PL spectra of the InxGa1−xN sample series (0 ≤ x ≤ 2.4%). The energetic shift and the linewidth of the two main emission lines related to the silicon bound exciton (Si 0 XA) and the A-exciton (XA) can be followed up to an indium content of x = 2.4% in (a) and (b). For the XA transition a shift rate of 39.6 ± 1.5 meV/% is extracted (inset) for 0 ≤ x ≤ 2.4% at the given temperature of 12 K. Additionally, a faint bound excitonic emission L1 and the emission of the B-exciton (XB) can be observed at the very onset of the composition range. At x = 2.4% a simple fit routine based on two Voigt profiles highlights the two main emission peaks (illustrative purpose only). An inversion of the FWHM values related to Si 0 XA and XA is directly visible by, e.g., comparing the spectra for x = 0.01% and 0.37% in (b).
(≥ 100 nm) as required for spectroscopy.
B) It is known that InGaAs-and AlGaAs-based LEDs are rather sensitive to the density of point and structural defects, whereas InGaN proves to be much more robust [30, 31] against them.
C) It was pointed out theoretically that individual indium atoms in GaAs and GaN do not lead to any bound states in the bandgap [23] , a matter that would rather require several indium atoms to form larger indium configurations [43] .
In other words, both materials are unambiguous representatives of class II alloys with relatively simple spectra that facilitate a detailed tracking of the alloy formation. For class I alloys known bound states are mostly associated to single atoms or (extended) pairs and can be observed for a wide range of materials as summarized in Sec. I. The absence of such optical signatures will allow us to study the very onset of alloy formation in In x Ga 1−x N (0 ≤ x ≤ 2.4%) by monitoring the undisturbed averaging process over the random alloy from the perspective of either free, bound, or impurity-(complex)-bound excitons.
Generally, the probability ϕ to find n indium atoms in V X for a certain indium concentration x is given by the Bernoulli distribution in a random alloy:
Here, KV X is the cation number in the excitonic volume with K ≈ 0.0438Å −3 for wurtzite GaN in the indium composition range analyzed in this paper [18, 53] . An illustration for the probability ϕ to find, e.g., 0 ≤ n ≤ 7 indium atoms in V X is given for GaN and GaAs (K ≈ 0.0221Å −3 ) [17] in Figs. 1(b) and 1(c), respectively. The indium concentration x for which one can find, e.g., one indium atom in V X with ϕ = 0.5 deviates by more than one order of magnitude, due to the about 4× larger r B value of GaAs in comparison to GaN. This fact will be crucial for the following PL linewidths analysis of the InGaN alloy, providing insight into the material's particular robustness against point and structural defects [31] . Figure 2 introduces the low temperature (12 K) PL spectra of the bulk In x Ga 1−x N sample series at hand with an indium content ranging from 0 to 2.4% (see Sec. I in the SI for experimental details). The spectrum of the non-intentionally doped (nid) GaN reference sample shows the common optical traces of the A-and B-exciton (X A and X B ) along with a dominant neutral donor bound exciton line (Si 0 X A ). The energetic splitting in between X A and Si 0 X A is known as the localization energy E loc ≈ 7 meV [54] . Generally, this terminology is not only used for excitons binding to non-isovalent impurities, but also for the localization of excitons in an alloy due to isoelectronic impurities that induce the formation of a potential landscape [31] . In both cases, the emission energy of the excitons exhibits a redshift with respect to X A , which will always be described by E loc in the following. Previous results have shown that the dominant impurity giving rise to the main bound excitonic emission is the neutral silicon center Si 0 , while other typical trace impurities in GaN like oxygen are negligible in our samples [54] . In addition, towards lower energies one observes the L1 emission line in Fig. 2(b) , whose origin is still under debate in the literature, ranging from a deep, over an ionized donor-bound exciton, to a neutral, shallow acceptor bound exciton [55] [56] [57] [58] .
III. RESULTS
Upon increasing indium content, the entire set of emission lines shifts continuously towards lower energies, while the level of detail in the spectra diminishes due to linewidth broadening as commonly observed for a class II alloy. The spectral shift of the X A transition as a function of the change in bandgap energy δE g with rising x is linear in the given indium concentration range and amounts to δE g /δx = 39.6 ± 1.5 meV/% at a temperature of 12 K as shown in the inset of Fig. 2(a) . Clear evidence for the emission line L1 is lost at indium concentrations exceeding 0.05%, before even the spectral separation between X A and Si 0 X A vanishes. Nevertheless, even at indium concentrations of 1.5% and 2.4% we can still reveal the presence of the Si 0 X A centers in the corresponding spectra by a simple lineshape fitting procedure employing two Voigt profiles as exemplified for x = 2.4% in Fig. 2(a) . We find the Voigt profiles to be dominated by their Gaussian contribution due to the comparable small influence of homogeneous broadening at a temperature of 12 K. Note that the Voigt profiles from Fig. 2(a) only have an illustrative purpose, highlighting the two different spectral components. In the following all reported FWHM values ∆E originate from a manual data reading in order to avoid a troublesome and overparametrized lineshape fitting. We will subsequently analyze the temperature dependence of the linewidths in the context of Fig. 4 in Sec. III B.
At first glance, the present alloying series of GaN:In seems to match the case of GaAs:In as presented by Laurenti et al. [16] for indium concentrations down to 0.03% in GaAs. A continuous shift and a continuous broadening of all optical transitions are observed in GaN:In down to x = 0.01% as expected for a class II alloy. Not even at the very onset of the alloying range one can observe any additional emission lines related to excitons bound to single isoelectronic indium centers in agreement with the aforementioned theoretical predictions [23] . Note that an indium concentration of x = 0.01% yields a probability of ϕ ≈ 0.35 for a single indium atom to be present in the excitonic volume V X as shown in Fig. 1(c) . Hence, the indium concentration should be sufficiently low to observe the occurrence of any additional bound states induced by single indium atoms.
However, a more detailed inspection of PL and µ-PL spectra will result in a manifold of interesting and so far unforeseen observations for the InGaN alloy as shown in Secs. III A-III D. The latter mark the transition from an analysis dealing with ensembles of excitons down to individual ones giving access to the microscopic properties of a class II alloy.
A. Probing alloying with free and bound excitons based on macro-photoluminescence
An in-depth analysis of the emission linewidth of X A and Si 0 X A reveals an intriguing feature for GaN:In that is fostered by its large E bind values and, in comparison to GaAs:In, its smaller r B values. At a temperature of 12 K and x = 0.01% the Si 0 X A transition exhibits a FWHM value of ∆E Si 0 XA = 1.30 ± 0.06 meV while the FWHM of X A is larger with ∆E XA = 1.74 ± 0.19 meV due to the distribution of free excitons in momentum (k) space. Interestingly, with rising indium content this FWHM ratio is reversed as seen, e.g., in the PL spectrum recorded for x = 0.37%, cf. Fig. 2(b) . At this indium concentration we find ∆E XA = 2.63 ± 0.04 meV, while ∆E Si 0 XA has more than tripled to 4.47 ± 0.08 meV.
The evolution of the experimentally determined ∆E values for the X A and Si 0 X A excitonic complexes is summarized in Fig. 3 (a) (black and red symbols). Both sets of FWHM values show a different evolution as averaging over the alloy occurs for different effective volumes. All ∆E values are commonly related to the peak width w by ∆E = 2 √ 2ln2 w. Generally, such w values are composed of an inhomogeneous component due to alloy broadening, σ(x), and a homogeneous, temperature-dependent component Γ(T ), caused by phonon scattering, leading in first approximation to w = σ + Γ [22, 59] . At low temperatures (12 K) σ dominates any phononic effects giving rise to the experimental trends shown in Fig. 3(a) for the directly measured ∆E values. Additional broadening by Γ(T ) will subsequently be discussed for Si 0 X A in Sec. III B in the context of Fig. 4 , while the corresponding analysis for X A is given in SI Sec. III. Such predominance of inhomogeneous broadening due to alloy disorder at cryogenic temperatures was also observed for other ternary alloys of class II such as MgZnO [22] , AlGaAs [17] , CdZnTe [60] , and CdSSe [20] .
Based on Eq. 1, the standard deviation of the bandgap energy σ Eg can be expressed by the binomial distribution [17, 20] :
Hence, for a two-particle system like X A , σ Eg should equal the peak width w determined via ∆E, while δE g /δx is deduced from Fig. 2(a) . As a first approach, V X can be replaced by the standard spherical exciton volume (V s X = 4/3πr 3 B ) -a method that commonly yields a good agreement with experimental data [22] . However, the quantum mechanical nature of the exciton is completely neglected by this approach, as one assumes a constant occupation probability density for the exciton over V X . Instead, the quantum-mechanical (qm) exciton volume V qm X = 10πr 3 B should rather be considered in order to take the wavefunction of the exciton into account as outlined in Refs. [20] and [52] .
Figure 3(a) shows that both volumes (V s X and V qm X ) either lead to a complete over-(dashed red line) or underestimation (dotted red line) of the experimentally observed trend for Si 0 X A as the effect of the donor electron in this three-particle complex is not yet considered. The X A complex as well as the donor electron sense the alloy formation, leading to energy fluctuations that are normally distributed. Hence, the square of the entire peak width of Si 0 X A amounts to: the donor Bohr radius r D that is derived from the silicon donor binding energy of 28.5 meV [54] calculated within the framework of the hydrogenic model [61] . This consideration of Si 0 X A as a three-particle complex leads to a reasonable agreement between experiment and theory [ Fig. 3 (a), solid red line].
In contrast, for the two-particle complex X A the consideration of V qm X (dotted black line) still yields an overestimation for most of the experimentally observed ∆E X A values as the COM movement of the exciton would need to be considered at the onset of the alloy formation. However, even the sophisticated theoretical treatment for alloys of Zimmermann given in Ref. [52] deems the COM movement of the exciton a task for future work, which has -to the best of our knowledge -never been accomplished. As a direct consequence of the excitons' COM motion, the entire set of X A complexes averages over a larger fraction of the alloy, hence, we suggest to consider an effective, spherical averaging volume V a = a V qm X with scaling parameter a as a measure for the X A COM movement. A fit to the experimental data from Fig. 3(a) for ∆E X A yields a ≈ 3 (solid black line), while the offset between experimental data points and the fit increases with x. This indicates that V a scales with x as described in the following.
For X A , Eq. 2 can be solved for r a using V X = V qm X = V a (r a )/a, yielding the indium content dependent averaging radius r a (x) of the corresponding volume as shown in Fig. 3 (b) (black circles). The value of r a is continuously decreasing with rising indium content as X A complexes get increasingly localized by indium-related trapping sites. Ultimately, r a approaches r B as the free exciton transforms into a bound two-particle complex as shown in Fig. 3(b) and illustrated in the corresponding inset. In contrast, a D 0 X A complex like Si 0 X A always remains a bound complex at the onset of alloy formation and should, as a first approximation, maintain a constant averaging volume. At the present onset of alloy formation, we do not expect any strong influence of x on r B , which is taken in Fig. 3(b) as that of pure GaN. Singlets, doublets, and with rising x even more extended complexes of indium atoms [see Fig. 1(c) ] should lead to such increasing localization of X A with rising x. In this respect, the reported r a (x) values represent a measure of the X A diffusion length. According to Bellaiche et al. [23] the hole as a building block of the X A complex can get localized even in the case of a single indium atom. However, the corresponding energy level is still hybridized with the valence band states of GaN, meaning that no additional states appear in the bandgap at the onset of alloy formation in agreement with our observations from Fig. 2 (no new emission lines appear with rising x) and our expectations for a class II alloy. This particular case is fundamentally different from that of conventional excitons bound to isoelectronic centers (cf. examples given in Sec. II) mostly situated on anionic lattice sites [26] , whose strong localization leads to the appearance of new energy levels in the bandgap.
Based on a simple, static approximation, the probability to capture X A at such indium-related sites can be approximated by ξ cap ∝r/r a with the average distance in between the indium atoms in the dilute alloỹ r = (Kx) −1/3 . This approximation relies on the common assumption made for most III-V [62] and II-VI [63] semiconductors that the exciton capture time τ cap is short compared to the radiative decay time, τ cap < τ rad . Consequently, based on the spherical averaging volume V a (r a ) one straightforwardly finds the following relation to fit the data from Fig. 3(b) :
−1/3 . Clearly, only for ξ cap 1 it is possible to obtain a reasonable fit to the experimental data as shown in Fig. 3(b) by the solid red line. Hence, indeed on average a single indium atom per V a does not seem to provide a sufficiently deep potential in order to permanently capture the X A complex at the given temperature [23] . This observation represents the main result of the present simple fitting model. For instance, already for ξ cap = 50% the values for r a would rapidly diminish with rising x. This evolution is shown in Fig. 3(b) (solid grey line) and constitutes the reason behind the common neglect of the excitons' COM movement in alloys [52] , which is not highly diluted, or in other words, just doped.
The fit from Fig. 3 (b) yields ξ cap ≈ 8.7 ± 1.2% (solid red line), suggesting that indium-related complexes comprising ≈ 10 indium atoms predominantly contribute to the capture of X A in the InGaN alloy at 12 K. Clearly, the occurrence of such complexes becomes more likely with rising x, explaining the reduction of r a towards the r B value of GaN in Fig. 3(b) , while V a also approaches V qm X . Hence, around 2.4% of indium are required to form an InGaN alloy for which the neglect of the excitons' COM movement is justified at cryogenic temperatures. Therefore, the difference in between the data points for ∆E X A and the corresponding fit in Fig. 3 (a) (solid black line) starting from x ≈ 1.36% is likely caused by the increasing localization of X A , i.e., the transition from a free to a bound two-particle complex in a class II alloy.
This transitional regime of increasing excitonic localization at 12 K by indium-related complexes is challenging from a theoretical point of view as exciton diffusion needs to be considered. In this context, the present simplistic derivation of ξ cap just represents a pragmatic approach that seems well suited, given the error and the scatter of the underlying data points, cf. Fig. 3(b) . Furthermore, we plausibly assume that our findings are related to the indium zig-zag chains [43] described by Chichibu et al. [31] , however, the precise sub-structure at the atomic scale still remains of speculative nature. In this regard, Sec. III C and III D will describe a pathway towards an analysis of the particular configuration of indium atoms by spectroscopic means at the onset of alloy formation. In the following we will always refer to such dilute indium assemblies, because larger, non-dilute indium aggregates should lead to the formation of electronic states in the bandgap [43] [i.e., quantum dot (QD) like states].
We suggest that the apparent localization of X A complexes with rising x enhances the robustness of the InGaN alloy against point and structural defects in contrast to other III-V alloys as outlined by Chichibu et al. in Ref. [64] . Such a picture also accounts for the intensity increase of X A relative to Si 0 X A as shown in Fig. 2 . As exciton diffusion is inhibited with rising x, the probability to reach non-radiative exciton trapping sites is reduced. In this respect, we wish also to note that the overall intensity of the bandedge luminescence shown in Fig. 2 continuously increases with rising indium content at the onset of alloy formation (not shown) as frequently reported in the literature [65] [66] [67] [68] . Naturally, with rising x the trapping potential becomes deeper as larger indium assemblies are formed that ultimately even govern the kdistribution of X A at a temperature of 300 K with localization energies already in excess of k B T at x ≈ 3 % [18] . In addition, larger indium assemblies can not only lead to exciton localization but also to confinement, which commonly boosts excitonic decay rates. Such an inhibited exciton diffusion should also be relevant for the impact of threading dislocations, which could directly be analyzed by means of, e.g., CL [69] in bulk In x Ga 1−x N epilayers with rising x. However, the data presented in Fig. 3(b) is of a more general nature as the trapping of excitons is monitored over a large PL excitation area (excitation spot diameter of ≈ 100 µm) and does not depend on the specific strain-driven impurity distribution around a structural defect [70] . Obviously, such increasing exciton localization with rising x is less beneficial for alloys like In x Ga 1−x As as already much larger r B values prevail in the related binary compounds as indicated in Fig. 1(a) .
B. Analysis of the local indium distribution around impurity bound excitons
The transition from a free to a bound excitonic twoparticle complex summarized in Fig. 3(b) represents a spectroscopic probe, whose sensitivity to the local environment in the alloy increases with rising indium content as r a converges to r B . In contrast, an impurity bound three-particle complex always remains localized, giving rise to a permanently local alloy probe as illustrated in the inset of Fig. 3(b) .
In the following, we will show that the impurity bound exciton complex Si 0 X A also provides an extremely versatile tool to study the formation of dilute indium assemblies in GaN:In. While the temperature-dependent linewidth of X A does not show any clear indium content dependent trend (see Fig. S3 ), the broadening of Si 0 X A upon rising temperature increases with x as shown in Fig. 4(a) -a quite unexpected finding in the light of previous alloy studies [20] . In addition to the data shown in Fig. 4 , SI Secs. II and III provide an overview about the underlying, temperature-dependent PL spectra and the corresponding analysis of peak positions and linewidths.
Generally, the phonon-induced linewidth broadening Γ(T ) is given by
with the acoustical (γ ac ) and the optical (γ i opt ) phonon coupling constants as well as the corresponding effective optical phonon energies (E seem to converge with rising x (dashed lines). The temperature dependence of the linewidth broadening for Si 0 XA is strongly affected by the indium content in the alloy x, in contrast to the case of XA (cf. Fig. S3 ). An optical phonon population with an effective energy E best fit to the evolution of ∆E(T ) shown in Fig. 4(a) for Si 0 X A at x = 0 (solid black line) is obtained for γ ac = 4 ± 1 µeV/K and one set of γ 1 opt , E 1 opt values as summarized in Fig. 4(b) . Here, E 1 opt = 12.9 ± 0.4 meV is smaller than the energy of the E low 2 phonon mode in GaN of 17.85±0.05 meV [71] . This difference can be explained by the curvature of the corresponding phonon dispersion relation E(k) around k 0 ≈ 0 with ∂ 2 E/∂ 2 k| k=k0 < 0 as illustrated in the inset of Fig. 4(a) . The exciton-phonon coupling related to Si 0 X A probes an extended phonon energy interval due to the localization of the bound exciton in real space, providing access to a larger fraction of the first Brillouin zone near the Γ-point. Hence, the temperature-dependent PL data yields an effective phonon energy E 1 opt that is weighted by the corresponding one-phonon density of states [72] [73] [74] .
For Si 0 X A the effective phonon energy E 1 opt gradually decreases from 12.9 ± 0.4 meV to 6.4 ± 1.0 meV for 0 ≤ x ≤ 1.36% as depicted in Fig. 4(b) . The corresponding γ ac fitting parameters denoted in Fig. 4(a) approach values equal to the ones observed for X A within the given error bars with rising x (see Fig. S3 and the corresponding discussion in SI Sec. III). The observed trend for E 1 opt is likely originating from an alloying-induced local variation of the Si 0 environment. Callsen et al. have found for single excitons trapped in GaN/AlN QDs that, e.g., the exciton-LO-phonon interaction averages over a volume with a radius on the order of r B [75] . Hence, alloying in thick InGaN epilayers can not only directly be monitored by emission energy shifts (see Fig. 2 ) caused by the immediate indium atom configuration in the vicinity of Si 0 impurities, which in total leads to the formation of bound excitons. More indirectly, the interaction of bound excitons with E low 2 phonons can also be used as an alloy probe as shown in Fig. 4 .
As Γ(T ) for X A does not show any pronounced indium content dependence (see Fig. S3 ), we suggest that the environment of Si 0 centers is richer in indium atoms, a feature only noticeable at the very onset of alloy formation. Thus, here it can be expected that the phonon energies and coupling constants (e.g., E 1 opt and γ 1 opt ) will rapidly converge with rising x. Any local variation in the indium content caused by the particular distribution of Si 0 atoms will get increasingly masked by random alloy fluctuations with rising x. As a signature of this masking, E 1 opt (x) converges towards ≈ 6 meV as shown in Fig. 4(b) . The optical phonon coupling constant γ 1 opt continuously rises with x, but exhibits an opposite convergence behavior in Fig. 4(b) at the onset of alloy formation. Indium atoms that surround the Si 0 center within r B can act as strongly localized isoelectronic centers, whose broad combined distribution in k-space seems to foster the interaction with phonons that deviate from the Brillouin zone center. Therefore, the aforementioned bowing of the associated phonon dispersion relation (∂ 2 E/∂ 2 k| k=k0 < 0) leads to an effective reduction of the measured E 1 opt values that is accompanied by a rise in γ 1 opt . Clearly, the total reduction in the effective phonon energy E 1 opt cannot exclusively be explained by a local rise in indium content as even pure InN still exhibits an E low 2 phonon energy of around 10.9 ± 0.1 meV [76] . In addition, non-dilute indium assemblies matching the size of V X could have been detected by APT in stateof-the-art InGaN/GaN QW samples [44, 45] commonly comprising silicon concentrations ≈ 1 × 10 16 cm −3 (cf. SI Sec. I). Thus, as a possible reason for the local indium enrichment in the vicinity of Si 0 centers, we suggest tensile strain that is commonly introduced upon silicon doping of GaN [77] . Hence, it is energetically more favorable for a rather large atom like indium to incorporate close to a silicon atom (distance on the order of r B ), in order to approach the lattice's strain equilibrium at the onset of the alloy formation. Bezyazychnaya et al. have theoretically predicted the impact of point defects (vacancies) in InGaN and InGaAs on the indium distribution in these alloys [78] . Here, we experimentally find -to a certain degree -a similar situation for the Si 0 impurity. Future theoretical work is needed to validate this picture of a point defect embedded in a dilute assembly of indium atoms. This image differs from the common concept of direct complex formation [79] that often just considers nearest-or second-nearest-neighbor sites on the cationic sub-lattice.
C. Individual bound excitonic complexes analyzed by micro-photoluminescence
Fortunately, µ-PL measurements with an excitation spot diameter ≈ 1 µm can provide more detailed information regarding the particular configurations of indium atoms close to a Si 0 donor at the onset of alloy formation. Even on completely unprocessed samples one can resolve individual emission lines around the Si 0 X A transition for x = 0.37% and partially for 1.36% as show in Fig. 5(a) , while the X A emission remains a rather unstructured emission band due to the given probe volume and excitation power density (P = 40 W/cm 2 ). This observation is of high importance as the subsequently described processing of metal apertures on the sample could lead to exciton localization by any damage to the sample as discussed in SI Sec. IV.
We further reduced the size of the probe volume by processing apertures into an aluminum film with diameters down to 200 nm on the sample with x = 0.37%. As a result, a set of spectrally well separated emission lines can be resolved around Si 0 X A along with particular phonon sidebands as shown in Fig. 5(b) . An equally spaced (≈ 18 meV) double step appears on the low energy side of the set of sharp emission lines due to coupling with E low 2 phonons. Interestingly, the optical signature of the exciton-phonon coupling does not appear as a commonly observed [62] isolated peak [see the LO-replica of X A in Fig. 5(b) ], but as a step due to the energetically broad range of contributing phonons with E 2 symmetry. About 7 meV below the first step related to the zero phonon lines in the spectrum of Fig. 5(b) (marked by a blue arrow) one even observes an additional, step-like increase in intensity and hence phonon coupling strength in accordance with the findings of Fig. 4 (b) (E 1 opt = 6.9 meV for x = 0.37%). Hence, the µ-PL spectrum shown in Fig. 5(b) represents a coarse probe of the phonon density of states that stands in direct relation to the homogeneous broadening Γ(T ) of the Si 0 X A complex introduced in Fig. 4(a) . The sharp emission lines from 
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E n e r g y r e l a t i v e t o X A ( m e V ) and longitudinal-optical (LO) phonon replica]. Here, the blue arrow indicates a particular phonon energy E 1 opt = 6.9 meV as extracted in Fig. 4(b) for x = 0.37%. The inset illustrates why XA exhibits an unstructured emission band, whereas the luminescence around Si 0 XA [cf. Fig. 2(b) ] shows several sharp emission lines related to individual complexes comprising the Si 0 center and specific indium assemblies (In n ) with a certain atomic configuration c comprising n indium atoms. most direct evidence for an alloying-induced perturbation of the immediate Si 0 environment at x = 0.37%. Here, emission lines with a linewidth of just 320 ± 30 µeV can be resolved, opening the perspective for a spectroscopic study of the Si 0 environment at the nanometer Fig. 5 appear due to the formation of dilute Si 0 XA − In n assemblies and can be divided in two major groups I and II based on µ-PL spectra. (a) Emission lines of group I exhibit localization energies E loc of ≈ 5 -10 meV and show small energetic shifts upon increasing excitation power density. (b) In contrast, emission lines of group II typically show E loc values in excess of 10 meV and exhibit pronounced spectral shifts for any variation of the excitation power density. This difference in the peak shift rates for group I and II emission lines is highlighted in Fig. 7 . Generally, the emission lines of group I appear more frequently than their more deeply localized group II counterparts. A1 -A12 denote the particular metal apertures selected from more than 50.
scale based on the emission of such dilute Si 0 X A − In n assemblies. In contrast to Si 0 X A , the X A emission remains an unstructured band in our µ-PL spectra as the density ρ c XA of X A that attach to a specific indium atom configuration c with n indium atoms is comparably larger than the corresponding density of Si
with an identical configuration of indium atoms in their vicinity.
Generally, the number of any (transition from c → c) per time interval decaying, indium-related complex N c XA,Si 0 XA is proportional to the µ-PL excitation volume as well as pump power (V exc and P exc ) and depends on the corresponding radiative decay time τ rad . However, for the case of impurity bound excitons, as illustrated in the inset of Fig. 5(b) , the intersecting set of a certain distribution of exemplary indium configurations (e.g., D c ) and Si 0 X A centers (D Si 0 XA ) defines the total number of experimentally accessible complexes (N ) via
Si 0 XA . However, in this simplified description no varying distances are considered in between these sites. Here, r B could represent a meaningful upper limit for the distance in between a certain indium configuration and the Si 0 center. Our experimental findings from Sec. III D will further elucidate this point.
Hence, only the Si 0 X A emission band falls apart into individual emission lines in the µ-PL spectra of Fig. 5 , while a similar observation for X A would require an even lower excitation density or a smaller probe volume. For instance, the impact of individual indium atoms on the emission of Si 0 X A could possibly be resolved for smaller indium concentrations (e.g., x = 0.01%). However, the temperature-induced emission line shifts shown in Fig. S1 and summarized in Fig. S2 (comparison in between x = 0, 0.37%, and 1.36%) suggest corresponding E loc values 0.5 meV. Hence, the emission energy difference in between, e.g., Si 0 X A and Si 0 X A − In n centers at x = 0.01% cannot straightforwardly be resolved with the present emission linewidths in our samples (≈ 300 µeV). 
D. Statistical analysis of individual bound excitonic complexes
The observation of sharp emission lines in Fig. 5 caused by dilute Si 0 X A − In n assemblies directly evokes the need for a statistical analysis of the underlying emitters. Figure 6(a) shows selected µ-PL spectra recorded for four different metal apertures labeled A1-A4. Here, the two spectra for aperture A4 (measured using the first and second order of the optical grating) provide a detailed view of the µ-PL spectrum shown in Fig. 5(b) . All spectra in Fig. 6(a) show a common optical signature of sharp emission lines related to dilute Si 0 X A − In n assemblies in addition to a rather unstructured emission band related to X A . For the latter case, a smaller spectroscopic probe would be required in order to resolve any spectral details. The localization energy E loc (energetic spacing between X A and the Si 0 X A − In n complexes) commonly ranges in between ≈ 5 − 10 meV. Figure 6 (b) introduces eight additional µ-PL spectra (A5-A12) that also show emission lines with E loc 10 meV that we assign to group II. Generally, the emission lines of group I occur more frequently than their group II counterparts. While almost all spectra in Fig. 6 show emission lines ≈ 5 − 10 meV below X A (partially overlapping likely due to a high density of the associated excitonic complexes), only a few apertures show a clear signature of the emission lines of group II. Here, apertures A5-A12 illustrate the rare cases of these group II emission lines that we extracted from µ-PL measurements on more than 50 apertures.
The classification of the sharp emission lines into two groups, I and II, becomes clearer based on Fig. 7 , showing excitation power dependent µ-PL spectra for aperture A3. This excitation power series shows a sequence of spectra that is typical for all apertures showing emission lines of groups I and II. When varying the excita-tion power density by a factor of ten, group I emission lines only exhibit minor energetic shifts on the order of ≈ 100 µeV. In contrast, the emission line of group II from Fig. 7 shifts by ≈ 2 meV towards lower energies.
The emission lines of group I seem to behave like common bound excitons in GaN upon rising excitation power that do not exhibit any pronounced energetic shifts [55] . The effects of bandgap renormalization and band filling almost perfectly compensate each other over a wide excitation range in GaN, hence, only negligible shifts of bound excitons are noticeable [80] . At the given low indium concentration of 0.37% (cf. Figs. 6 and 7) we do not expect any strong deviation from this common behavior of bulk GaN. Hence, we assume that the emission lines of group I belong to Si 0 X A − In n complexes comprising a unique configuration of indium atoms within the Bohr radius of the exciton r B . In this respect, the two electrons and the single hole of this complex occupy a well-defined region and can therefore be referred to as spatially direct, neutral, complex bound excitons as sketched in Fig. 7 for group I. Here in Fig. 7 an exemplary dilute assembly of n indium atoms is sketched, along with the Si 0 center and the most relevant charge carriers.
The pronounced redshift of the emission lines belonging to group II points towards a gradual change in the effective Coulomb interaction in between the charge particles that contribute to the overall Si 0 X A − In n emission. A spatially indirect transition as drawn in Fig. 7 for group II could explain such a particular sensitivity to the excitation power as well as the larger E loc values with respect to the emission lines of group I. Clearly, with rising x such spatially indirect transitions involving In n complexes with increasing size and density become more probable. At first glance, the observation of group II emitters resembles the common picture of excitons trapped in c-plane (In)GaN QDs that are embedded in, e.g., Al x Ga 1−x N (0 ≤ x ≤ 1) as the matrix material [81] . Charge fluctuations commonly occur in the matrix material due to point defects, which in-turn leads to a pronounced linewidth broadening known to be particularly strong in III-nitrides [82] . Upon changing the laser excitation power, the occupation probability of charges in the vicinity of such QDs is altered. As a result of this statistical process, a pronounced red-shift of single QD emission lines can be observed with rising excitation power [81, 83] , which resembles the emission line shift of the group II emitter from Fig. 7 . Hence, the pronounced energetic shift of group II emission lines upon varying excitation power could originate from a spectral diffusion phenomenon, which scales with the size of the excitonic dipole moment [82] . Clearly, indirect excitonic transitions as sketched in Fig. 7 exhibit a larger excitonic dipole moment and are consequently more sensitive to charge fluctuations. Future work should analyze if any preferential orientation exists for this excitonic dipole. However, currently, a more detailed analysis of these group II emitters is hindered by the comparably long integration times for spectra on the order of tens of minutes and the spec- Fig. 6(a) . Emission lines of group I only exhibit shifts on the order of 100 µeV upon a tenfold increase in excitation power (see dashed gray arrow), while the distinct emission line of group II shifts by ≈ 2 meV (see solid gray arrow). Similar observations hold for all apertures analyzed in Fig. 6 . The drawings depict possible configuration for the excitonic complexes belonging to group I or II.
tral overlap with other emitters, preventing a detailed linewidths and emission line jitter analysis.
IV. DISCUSSION
More detailed µ-PL measurements need to be performed based on further optimized samples in order to reach a conclusive picture regarding the sharp emission lines shown in Figs. 5 -7.
In addition, future temperature-dependent µ-PL measurements should provide further insights. So far we only observed that the emission lines summarized in Fig. 6 rapidly broaden and thermalize (traceable up to ∼ 30 K) due to the associated exciton-phonon coupling involving the E low 2 mode and acoustic phonons as described for Figs. 4 and 5 (not shown). The distinction made between emission lines of group I and II is mainly motivated by experiments and helps to access the mechanisms of alloying. Generally, a continuous transition can be expected in between these two groups of emission lines, e.g., with rising x the probability for spatially indirect transitions should first increase in the dilute alloy limit.
The appearance of spatially direct and indirect Si 0 X A − In n recombinations is likely interlinked with the x-dependence of the homogeneous linewidth broadening Γ(T, x) (see Eq. 3) shown in Fig. 4(a) . Spatially more indirect transitions exhibit larger excitonic dipole moments that would enable a strong coupling to, e.g., polar phonons like LO-phonons via the Fröhlich interaction [84] . However, the limited E loc values of Si 0 X A − In n render the contribution of the exciton-LO-phonon coupling negligible in the present temperature range (due to the large LO-phonon energies in nitrides [71, 76] ) and the coupling to acoustic and non-polar, e.g., E low 2 phonons becomes most relevant as introduced in the context of Fig. 4 . The associated exciton-phonon interaction is dominated by the deformation potential coupling, which does not depend on the excitonic dipole moment. In addition, a less prominent piezoelectric coupling will occur [85] . Hence, we can expect Si 0 X A − In n complexes with large E loc values (group II) to be more temperaturestable [86] than their group I counterparts as long as a dominant contribution of LO-phonons can be excluded. Therefore, with rising temperature the overall emission band related to Si 0 X A − In n should first become increasingly influenced by complexes with effectively larger E loc values (group II), while the more spatially direct recombination channels (group I) should preferentially dissociate. However, already at 12 K the emitters of group II seem to increasingly contribute to the linewidth broadening of Si 0 X A with rising x. Thus, the offset in between the associated experimental ∆E values and the model (solid red line) increases with x as shown in Fig. 3(a) . Finally, the evolution of the weighting in between spatially direct and indirect Si 0 X A − In n centers is likely involved in the indium content dependence of Γ(T, x) at the onset of the alloy formation. Finally, we suggest a twofold reasoning for the particular evolution of Γ(T, x): At the onset of alloy formation one can observe a local indium enrichment in the vicinity of Si 0 centers that affects the exciton-phonon coupling. In addition, spatially direct and indirect Si 0 X A − In n transitions exhibit different thermalization behaviors, contributing to the particular evolution of Γ(T, x).
V. CONCLUSIONS
In summary, we have demonstrated the detailed spectroscopic analysis of a III-V mixed crystal alloy by PL and µ-PL constituting a macro-and even microscopic material characterization. Thus, the present work on a class II alloy approaches the high level of spectroscopic sophistication known for class I alloys that relies on the emission of excitons bound to isoelectronic centers. As no such strongly localized excitons appear in the investigated In x Ga 1−x N epilayers (0 ≤ x ≤ 2.4%), we utilized shallow impurities forming bound states as a tool to study the particular distribution of isoelectronic centers at the onset of alloy formation. By means of µ-PL we directly observed a hierarchy of bound excitons related to dilute silicon-indium assemblies as individual, energetically sharp (FWHM ≈ 300 µeV) emission lines appear. Consequently, we introduced a classification of the underlying emitters into spatially direct and indirect bound excitonic complexes, whose balance is weighted by the indium-induced localization of charge carriers at the very onset of alloy formation. However, not only such µ-PL data, but even conventional macro PL spectra allowed us to extract crucial material parameters for the mixed crystal alloy at hand. Based on ensembles of impurity bound excitons (three-particle complexes) we studied the indium-enriched environment of neutral silicon donors in InGaN at the length scale of the exciton Bohr radius. The analysis of the related exciton phonon coupling revealed a reduction of the average optical phonon energy that governs the temperature-dependent emission line broadening from 12.9 ± 0.4 meV to 6.4 ± 1.0 meV upon rising indium content from pure GaN up to x = 1.36%. Interestingly, for Si 0 X A we found an alloying dependence for the homogeneous emission line broadening caused by local indium enrichment and an indium-induced delocalization of the bound exciton yielding a transition from spatially direct to indirect transitions excitonic complexes. Based on the luminescence traces of free excitons that become increasingly trapped upon alloy formation, we extracted microscopic material properties from conventional PL data. We motivated that upon increasing indium content x the radius of the excitonic averaging volume r a reduces gradually from 27.2 ± 3.7 nm at x = 0.01% down to 5.7 ± 1.3 nm at x = 2.4%. This transition illustrates the evolution from a free exciton in a doped semiconductor to a bound exciton (two-particle complex) in a class II alloy. As a result, the exciton capture by pointand structural defects will be diminished, supporting the high η int values of the InGaN alloy even at defect densities that are detrimental for other III-V binary semiconductors and alloys like, e.g, (In)GaAs [31, 87] , AlInGaP [30] , and AlGaAs [17, 31] . Based on our detailed linewidth analysis we estimated that ≈ 10 indium atoms are required to form assemblies capable of effectively capturing an exciton at a temperature of 12 K. In contrast, a single indium atom does not introduce an electronic state in the bandgap of InGaN as confirmed by our PL experiments and first theoretically predicted by Bellaiche et al. [23] . Clearly, this justifies the categorization of InGaN as a class II alloy. The present results open the perspective to utilize ensembles, but also individual excitonic complexes as a beneficial tools for any class II alloy analysis at the few nanometer scale. In this regard, our results are not limited to the InGaN alloy. However, the constraints regarding a suitable doping interval are strict and explain -to the best of our knowledge -the absence of corresponding data in the literature for any other class II alloys. In order to control the indium incorporation in between x = 0 − 2.4% we grew a sequence of reference InGaN epilayers at a constant flow rate of the tri-methyl-indium source, while the growth temperature (T g ) was varied around 770
• C in sufficiently small steps derived from the method described in the following. We determined the resulting indium concentration down to x ≈ 1% by high-resolution x-ray diffraction (HRXRD) measurements that we partially confirmed by a secondary ion mass spectroscopy (SIMS) analysis. As a result, we obtained x(T g ), which we linearly extrapolated for x → 0 in order to control the indium incorporation for x < 1% by just varying T g . Again, for x = 0.05% we cross-checked the feasibility of our approach by SIMS. From our PL spectra we can extract a linear dependence for the peak position of X A as shown in the inset of Fig. 2 distance between the sample and the metal source heated by an electron-beam was about 1 m in order to exclude any electron-beam-induced sample damage [3] . Finally, the apertures were either etched into the metal film or generated by a metal lift-off procedure (positive vs. negative resists). For all our processing attempts we observed closely matching µ-PL results. Figure S1 introduces exemplary temperature-dependent PL data, which we recorded for our entire In x Ga 1−x N sample series (0 ≤ x ≤ 2.4%). As introduced in the main text, a set of impurity-bound (L1 and Si 0 X A ) and "free" excitons (X A and X B ) can be observed. Here, the terminology of free excitons needs to be treated with care as those particles get increasingly bound in the alloy at indium-related assemblies with rising x. Figure 3(b) of the main text illustrates this continuous transition from free to bound excitons (two-particle complexes), which must be clearly distinguished from impurity-bound complexes such as Si 0 X A (threeparticle complex). At the onset of our alloy series (x = 0.01%), all transitions follow the evolution of the bandgap with rising temperature as shown in Fig. S1(c) . However, as soon as x increases to 0.37% [ Fig. S1(b) ] the redshift, e.g., for X A is suppressed at the very onset of the temperature series and turns into a subtle blueshift reaching a maximum value of ≈ 0.8 meV at a temperature of ≈ 35 K as depicted by the spectrum of Fig. S1 (c) for x = 1.36%. In contrast, the Si 0 X A emission only shows a continuous redshift with rising temperature for all x values we analyzed. shrinkage. This evolution is followed by a pronounced redshift at elevated temperatures that is accompanied by the conversion of bound excitons into free ones, a process which is often referred to in the context of the mobility edge [4] . Figure S2 demonstrates that the blueshift for the X B complex is delayed with respect to X A for x = 1.36%. We ascribe this difference to the change in hole mass between the A-and B-valence subbands in GaN [5] and ultimately InGaN.
II. TEMPERATURE-DEPENDENT PHOTOLUMINESCENCE
Interestingly, the temperature-dependent shift of Si 0 X A does not exhibit any blueshift nor delayed redshift as depicted in Fig. S2 for up to x = 1.36%. The excitons bound to Si 0 are distributed in the potential landscape of the alloy. However, no thermal redistribution is noticeable as the binding energy E bind (i.e., the splitting between Si 0 X A and X A measured at 12 K) of the exciton is always larger than the thermal energy E bind > E th , otherwise dissociation of the bound exciton occurs in a multi-step process [6] . Naturally, the two in GaN (energy fixed at E 2 opt = 91.2 meV [7] for the fitting procedure), while with decreasing temperature, first optical phonons with an average energy of E 1 opt = 9.8 ± 5 meV account for the broadening, followed by acoustic phonons. Here, γ ac = 22 ± 6 µeV/K is close to reported literature values of ≈ 15 − 16 µeV/K [8] for X A and the large error for the E 1 opt phonon energy originates from the over-parametrized fitting function, despite the fact that a fixed phonon energy of 91.2 meV was used for E 2 opt . Nevertheless, the value of E 1 opt is lower than the energy of the E low 2 phonon mode in GaN of 17.85 meV [7] , as the momentum distribution of X A allows accessing a larger fraction of the first Brillouin zone as shown in the inset of electron irradiation causing a migration of indium atoms [9, 10] . Hence, in the early days of InGaN research the material was treated like a quantum dot solid comprising indium-rich islands [11] , while more recent measurements based on atom probe tomography [12, 13] and scanning transmission electron microscopy [14] have confirmed a random distribution of indium atoms in state-of-the-art samples. In addition, it is reassuring that the emission around X A shows no clear substructure of sharp emission lines in Fig 
